Local electronic structure around the adatom vacancies on Si(111)-7 Â 7 surface has been investigated using the methods of STM (scanning tunneling microscopy), STS (scanning tunneling spectroscopy) and the molecular orbital calculation for the cluster of local structure around each adatom vacancy. In view of the difference of surrounding local structure, the adatoms are classified into four types, i.e., the cornerand center-adatoms in a faulted half (F) cell, and the corner-and center-adatoms in an unfaulted half (UF) cell.
Introduction
It has long been known that defects in bulk semiconductors affect powerful effects on the electronic properties of these materials and therefore on the performance of devices fabricated from them. As microelectronic device dimensions continue to scale downward and surface to volume ratios increase, there is increasing recognition that the defect exerts correspondingly powerful effects on semiconductor surfaces. Recently, the surface analysis with atomic resolution has become possible by the development of scanning probe microscopes (SPM) [1] [2] [3] which usually provide the STS (scanning tunneling spectroscopy) measurement and the STM (scanning tunneling microscopy) observation. Defects on semiconductor surfaces have been studied by the STM measurement. The 7 Â 7 reconstruction of the Si(111) surface is one of the most attractive structures. The presence of adatoms is a unique feature of the 7 Â 7 reconstruction as compared with other reconstructed structures on the semiconductor surfaces. Recent experiments report that the adatoms are more weakly bound than the other surface atoms and can be removed by field evaporation using STM. 4, 5) The adatom vacancy forms easier than the vacancy of the other surface atoms. It is consider that the presence of the adatom vacancy influences the electronic structure and the bonding states of the adatom around the vacancy. The adatom and the adatom vacancy are considered to play an important role in the dynamical behavior on Si(111) surface. Thus, understanding the structure and properties of the adatom vacancy is of great importance. There have been many reports on the experimental and theoretical analysis of the reconstructed Si(111)-7 Â 7 surface in recent years. [6] [7] [8] [9] However, little attempt has been made to analyze the electronic states on the particular adatom vacancies.
In the present study, the influence of the adatom vacancy upon the local electronic structure of its neighbor adatom is examined by means of the STM and the atom-resolved STS. To clarify the cause of the configurational effect, molecular orbital (MO) calculation is carried out on the cluster of local structure around each adatom vacancy. The change in the LDOS (local density of states) by the difference of local structure around adatom vacancies is discussed on the basis of experimental and calculated results.
Experiments
The heat treatments and STM measurements were performed with an Omicron SPM system under the ultrahigh vacuum (UHV) of the pressure <1 Â 10 À8 Pa. The STM tips were prepared from tungsten wire by electrochemical etching in a 1N-NaOH solution. The tips were annealed to degas before measurements.
The Si samples used (13:0 Â 3:0 Â 0:5 mm 3 ) were cut from phosphorus-doped (0.375-0.625 cm) Si(111) wafers. The samples were flashed up to 1450 K to get the clean surface by direct current heating. In order to make the 7 Â 7 reconstruction of the Si(111) surface, the sample temperature were decreased to 1200 K and then slowly cooled down to room temperature. All heat treatments were made in the UHV chamber. The STM measurements were performed at room temperature in the constant-height mode with tunneling current of between 0.3 and 0.4 nA, and sample voltage of between À1:2 and 1.2 V. The STS measurements were done simultaneously at each adatom vacancy and each neighbor adatom to the vacancy on the 7 Â 7 surface. The LDOS was obtained from (dI/dV)/(I/V)-V curves which were automatically computed from measured I-V relations. On the other hand, the LDOS on each adatom and each adatom vacancy was also calculated using the discrete variational (DV)-X molecular orbital method.
10) The 7 Â 7 unit cell model was constructed using the atomic coordinates reported by Qian and Chadi.
11) The clusters used in this calculation were cut out from the 7 Â 7 unit cell. Except for the surface atoms, the ends of the cluster were terminated with hydrogen atoms to prevent surface effect. We obtained the LDOS for the particular atoms from the calculated results.
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Results and Discussions
There are 12 adatoms in each Si(111)-(7 Â 7) reconstructed unit cell evenly distributed in the unfaulted (UF) and faulted (F) halves of unit cell, respectively. Among the 12 adatoms, there are only four types of non-equivalent adatoms which are classified as corner-adatom (C) and center-adatom (E) on the unfaulted half of surface (UF-C and UF-E), and corner-adatom and center-adatom on the faulted half of surface (F-C and F-E), respectively. There is difference among the atomic arrangements around each adatom, which result in the difference of the local electronic structures. The presence of the adatom vacancy is considered to affect the local electronic structures. As is seen from Fig. 1(a) , the nearest neighbor F-C adatoms of an UF-C adatom vacancy are brighter than those of the UF-C adatom. The neighbor UF-E adatoms of an UF-C adatom vacancy are slightly darker than those of the UF-C adatom. By comparison the neighbor F-E adatom of an UF-C adatom vacancy with that of the UF-C adatom, it is clear that the brightness of each adatom differs.
As shown in Fig. 1(b) , the nearest neighbor F-E adatoms of an UF-E adatom vacancy are clearly brighter than those of the UF-E adatom. However, there is no difference in the brightness between the neighbor UF-C and UF-E adatoms of an UF-E adatom vacancy and that of the UF-E adatom. The same features are observed in STM images (Figs. 1(c) and  (d) ) of adatom vacancies in the F half cells. The brightness of the STM image is associated with the tunneling current. The difference in the tunneling current is closely related to that in the local electronic structure. The results of the STM observations show the same features around each adatom vacancy with and without the stacking-fault. Thus, it is considered that the difference of the local electronic structure is produced by correlation between each adatom above the atomic layer with the stacking-fault. We think about the local structure around each adatom vacancy based on the STM observation. The distance from the F-C adatom vacancy to its neighbor UF-C adatom is about 0.1 nm (1 A) shorter than that from the F-C adatom vacancy to its neighbor F-E adatom. Furthermore, it can be seen that the location of the nearest neighbor UF-C adatom for a F-C adatom vacancy shifts to the vacancy side about 0.04 nm. The location of the other neighbor adatoms does not change. In previous paper, 12) we report that adatoms and restatoms have the positive and the negative net charges, respectively, owing to the charge transfer from adatoms to rest-atoms. Dev and Seebauer report that the adatom vacancy with negative charges is more stable than that with positive charges. 13) Formation of the adatom vacancy causes the change in the interaction between the vacancy with the negative charge and the nearest neighbor adatom with the positive charge. The nearest neighbor adatom slightly approaches to the vacancy, which changes the local electronic states of the adatom vacancy and its nearest neighbor adatom. As a result, it is considered that the nearest neighbor adatom of an adatom vacancy shows the bright image in STM observation.
The neighbor adatoms of an adatom vacancy in same domain, as the near F-E adatoms of a F-C adatom vacancy, are slightly darker than those of an adatom. As already mentioned, the distance between the adatom vacancy and its nearest neighbor adatom in the different type of domain is about 0.1 nm shorter than that between an adatom vacancy and its neighbor adatom in the same domain. The rest-atom is between the adatom vacancy and its neighbor adatom. However the rest-atom is not between the adatom vacancy and its nearest neighbor adatom. The rest-atom has the negative charges.
12) The adatom vacancy with the negative charges is more stable. 13) Therefore, the direct interaction between the adatom vacancy and its neighbor adatom in the same domain is very small, because the rest-atom is interposed between the adatom vacancy and its neighbor adatom in the same domain. It is considered that the restatom play the role of the intermediary to change the local electronic structures as the neighbor adatoms of the adatom vacancy is slightly dark in the STM images. However, in case the adatom became a vacancy, the interaction between the neighbor adatom of the vacancy and the rest-atom changes. As a result, the local electronic structure of the neighbor restatom of the adatom vacancy varies and the interaction between the rest-atom and its neighbor adatom changes. The different type of neighbor adatoms of an adatom vacancy in same domain is slightly darker than those of an adatom.
The STS spectra taken for each adatom and adatom vacancy site are shown in Fig. 2 . Figure 2(a) shows the STS spectra for the UF-C adatom and the UF-C adatom vacancy. The HOMO (highest occupied molecular orbital) level for the adatom appears at about 0.7 eV below the Fermi level. The state for the same level exists in the LDOS for the adatom vacancy. However, the new state forms at about 0.15 eV above the HOMO level for the UF-C adatom. Figure 2(b) shows the STS spectra for the UF-E adatom and the UF-E adatom vacancy. In the spectrum for the UF-E adatom vacancy, the new state also appears at about 0.15 eV above the HOMO level for the UF-E adatom. The STS spectra for the F-E adatom and the F-E adatom vacancy and for the F-C adatom and the F-C adatom vacancy are shown in Figs. 2(c) and (d), respectively. From these spectra, the new state for the adatom vacancy similarly appears at about 0.15 eV above the HOMO level for the adatom. The new state which is observed in the STS spectra taken at each adatom vacancy site is not detected in the STS spectra taken at each adatom site. Thus, it is considered that the new state is related to the adatom vacancy. Figure 3 shows the calculated LDOS using the MO method. The calculated LDOSs for the UF-C adatom and the UF-C adatom vacancy are shown in Fig. 3(a) . The HOMO level for the UF-C adatom appears at about 1.0 eV below the Fermi level. That for the UF-C adatom vacancy also appears at about 1.0 eV below the Fermi level. However, the new state for the UF-C adatom vacancy forms at about 0.2 eV above the HOMO level. The calculated adatom vacancy cluster model only removed an adatom from the adatom cluster model. Thus, it is considered that the new 
Conclusion
Interrelation between LDOS and local structure around adatoms and adatom vacancies on the reconstructed Si(111)-7 Â 7 surface has been investigated using STM, STS and MO calculation. In the STM images, the nearest neighbor adatoms of the adatom vacancy are brighter than those of the same kind of the adatom. However, there is no difference in the brightness between the neighbor adatom except for the nearest neighbor adatom of the vacancy and the neighbor adatom of the adatom. This result indicates that the formation of adatom vacancy changes the electronic structure for the nearest neighbor adatom of the vacancy. In the STS spectra for the adatom vacancy, the new state forms at about 0.15 eV above the HOMO level for the adatom. The calculated LDOS also shows that the new state associated with the vacancy forms at about 0.2 eV above the HOMO level for the adatom. The results are consistent with the STS measurements. 
